
Communications to the Editor 
The Mechanism of Hydrogen-Transfer Polymerization 

There have been numerous reports concerning hy- 
drogen-transfer polymerization since the initial de- 
scription of the base-catalyzed polymerization of acryl- 
amide t o  poly-P-alanine by Breslow, Hulse, and Matlack 
I O  years ago. However, little has been done t o  eluci- 
date the mechanism. 

Two alternative :schemes (eq 1 and 2 )  were suggested 
originally as initiation reactions.’ Considerable evi- 

CH2=CHCONH2 + B- + CH-CHCONH- + BH (1) 
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dence has accumulated that reaction 1, which was 
favored initially because of the unsaturation found in 
tli: polymer, is the actual initiation reaction when 
sodium or  potassium r-butoxide is used as the catalyst. 
Thus, Stephens* isolated N-sodium and N-potassium 
acrylamide from the treatment of acrylamide with so- 
dium and potassium t-butoxide, respectively; reaction 
with ethyl bromidle gave a 45z yield of N-etliylacryl- 
amide. Tani, Ogtlni, and Araki3 isolated a mixture of 
N-benzylacry1amid.e and 3-r-butoxypropionamide from 
a reaction using sodium t-butoxide and benzyl chloride. 
More definitively, Trossarelli, Guaita, and Camino4 
polymerized acrylamide with alcohol-free sodium 
t-butoxide and recovered the theoretical amount of 
t-butyl alcohol frorn the reaction mixture. 

O n  the other ha.nd, it seems that sodium methoxide 
adds t o  the double bond of acrylamide, as indicated by 
Ogataj  and proved by Tani, Oguni, and Araki,3 by the 
isolation of 3-metlioxypropionamide from the reaction 
mixture. However, for reasons stated below we feel 
that the actual initiation reaction is 3 and not 2 .  

B - C H ~ H C O N H ~  + CH~=CHCONH, e 
B-CHgCHyCONHy + CH?=CHCONH- (3) 

Two alternative schemes for propagation were also 
suggested in the original paper. One involves an  intra- 
molecular hydrogen transfer in each step (reaction 4). 

31 
-CH2CH2CONH- ,+ 

-CH~C~LCONHCH?CHCONH~ + 
31 

-CH2CH2CONHCH2CH?CONH- etc. (4) 

The other involves an  intermolecular hydrogen transfer 
in each step (reaction 5 ) .  Reaction 5 was preferred for 
two reasons: the unsaturation found in the polymer 
and the broad molecular weight distribution. ThLIs, 
products ranging from a compound analyzing reason- 
ably well for unsaturated dimer (HI) to  high polymer 
were found in the reaction mixture. However, Ogataj  
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CHz=CHCO NH- + 
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CHy=CHCONHCH?CHyCONH* + 
111 

C H ~ = C H C O N H C ~ V ~ H C O N H ~  - 
CH,=CHCONH- + etc. ( 5 )  

reported that he could not find any unsaturation in his 
polymer and postulated initiation by addition t o  the 
double bond (reaction 2) and propagation involving 
intramolecular hydrogen transfer (reaction 4). This 
mechanism is frequently cited,6*7 in spite of the fact that 
the formation of 111 and other terminally unsaturated 
products has been confirmed on several occasions.s-lo 

In  order t o  differentiate b e h e e n  the two mechanisms 
the disappearance of acrylamide was determined as a 
function of time. Mechanism 4 should have the normal 
attributes of an addition polymerization reaction, i.e., 
monomer should disappear according to  some simple 
rate law while high polymer is being formed, since it is 
difficult t o  see why the necessary intramolecular hydro- 
gen rearrangement should afTect this fundamental 
mode of chain growth. Mechanism 5 ,  however, should 
have all the attributes of a condensation polymeriza- 
tion, i.e., at the start of the polymerization monomer is 
converted t o  dimer, trimer, etc.; gradually these pieces 
combine until eventually, long after monomer has 
disappeared, high polymer begins to  form. 

A 10% solution of acrylamide in dry sulfolane, con- 
taining 0.04% phenyl-@-naphthylamine t o  prevent radi- 
cal polymerization, was heated io 100” and 1.8 mol 
of potassium t-butoxrde was injected as a 3.1 % solution 
in r-butyl alcohol. After stirring for 2 min at 100” the 
polymerization was quenched with 1 M sulfuric acid 
and the acrylamide concentration determined by vpc 
analysis. By comparison of the peak areas of known 
acrylamide concentrations with the polymerized sample 
it was shown that 90% of the acrylamide had disap- 
peared in 2 min; no  high molecular weight polymer was 
present after 5 min. In a similar experiment using 
pyridine as the solvent, 70% of the monomer had dis- 
appeared within 2 min; no  high molecular weight 
polymer was observed after a 10-min polymerization 
time. In control experim,nts both the sulfolane and 
pyridine reactions gave significant yields (>60%) of 
high molecular weight, water insoluble polymer with ex- 
tended polymerization times (>2  hr). Therefore, 
acrylamide monomer disappears long before high 
molecular weight polqmer is observed. 

There would appeal to  be little doubt, therefore, that 
the propagation step in the hydrogen-transfer polymeri- 
zation of acrylamide in the presence of r-butoxide in- 
volves an  intermo!ecular hydrogen transfer, first to  
monomer, then to dimer, trimer, etc. (mechanism 5 ) .  
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Inasmuch as the presence of unsaturation in the polymer 
has been demonstrated o n  several occasions, initiation 
under these conditions is by acrylamide anion. 
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Craze Formation Yield Stress and the So-called 
Ductile-Brittle Transition in Glassy Polymers 

The purpose of this communication is t o  add t o  the 
growing body of evidence favoring the view that the 
so-called ductile-brittle transition in glassy polymers is 
in reality a transition between two alternate modes of 
ductility both of which, prior t o  specimen fracture, can 
involve large amounts of straining in large amounts of 
polymer. W e  also wish t o  suggest that accumulated 
evidence makes difficult the view that gross polymer 
ductility is fully explained by the hypothesis that under 
stress T, is caused t o  be equal t o  or lower than the actual 
temperature of the deforming polymer. 

Below their TK's linear amorphous polymers like 
polystyrene, polymethyl methacrylate, polycarbonate, 
and poly-2,6-dimethylphenylene oxide (PPOB)z resin 
commonly exhibit ductile failure by a shear defornia- 
tion mechanism over temperature ranges which vary 
from 15 t o  300". Little or no density change is in- 
volved. The temperature range over which this be- 
havior can be observed can be extended (a) by careful 
choice of testing rate; '  (b) by preorientation of the 
specimen a t  T > TQ;3x or (c) by conducting the test under 
hydrostatic pressure. a b  

Below the so-called ductile-brittle transition tem- 
perature the common mode of failure is apparently 
brittle in that no maximum is observed in the stress- 
strain curve. Crazing initiates a t  low stress, fracture 
initiates in one of the crazes,4 and more craze material 
is produced as the crack propagates.5 The high energy 
of crack propagation is associated with the visco- 
elastic strains involved in the craze formation and 
breakdown.6 

Experimental Section. In the course of studies of the 
role of organic agents i n  promoting craze formation and 
breakdown in glassy polymers, we have noticed large differ- 
ences in mechanical response of PPO films tested in the 
presence of small-molecule organic agents. These differ- 
ences depend on whether the agent is applied at the initiation 
of the tensile test or is allowed to absorb in the specimen 
to equilibrium prior to test initiation. 

In Figure I ,  for example, we show three Instron stress- 
strain curves at 0.05 in./min elongation rate for 2.5-mil 
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Figure 1 .  Engineering stress-strain curves for PPO film 
at 0.05 in./min extension rate: test I ,  dry film; test 2, 
film immersed in acetone at start of test; test 3, film equil- 
ibrated with acetone vapor prior to test initiation. 

thick annealed film specimens of PPO of [ v ]  = 0.71 dl/g. 
Specimens had the conventional dogbone shape with a 
gauge length of 1.25 i n .  Curve 1 is the engineering tenhilts 
stress-strain curve of the dry film; a yielding of the well 
known type involving response to the shear component of 
stress7,* occurs at 10,400 psi. Curve 3 exhibits apparently 
brittle fracture at 3500 psi, the crack having initiated at a 
single preformed craze; for this test the film specimen was 
mounted in a special jig which allowed simultaneous initia- 
tion of straining and immersion of the film in liquid acetone. 

Curve 3 was obtained from testing a specimen which had 
been mounted in the same jig with a few cubic centimeters 
of acetone in the bottom of the glass envelope enclosure and 
left in contact with the saturated vapor for 24 hr prior to 
test initiation. (From separate sorption kinetic experiments 
this film is known to reach sorption equilibrium in acetone 
in 24 hr; equilibrium solubility is 0.16 g/g of polymer. The 
equilibrated film is still glassy at room temperature as 
evidenced by its lack of plasticizer-induced crystallinityg and 
its modulus of 4 X I O 5  dyn/cm2.) Crazes were observed to 
initiate at low stresses and grow very rapidly, each tending 
to cover the entire cross section. Craze formation acceler- 
ated with stress increase, and it was apparent that the yield 
stress observed (2200 psi) was to be construed as that stress 
at which plastic deformation by craze formation equaled 
the rate of crosshead extension. The test was continued to 
about 50% elongation of the test section and then stopped 
because of limitations in the testing jig. At no time here 
there observed any signs of deformation bands at angles 
other than 90" to the tensile stress direction: thus shear 
deformation is ruled out as contributing significantly to the 
ductile failure observed here. 

Figure 2 is a photomicrograph of the test section of 
specimen 3 subsequent to testing. The corrugations running 
perpendicular to the stress direction are the edge grooves of 
crazes. It is apparent that the fraction of the area taken up 
by crazes F = 0.5. We may estimate crudely the fraction 
f' of the original test section which has been converted into 
crazes as follows. From craze refractive index measure- 
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